Stoichiometry-driven metal-to-insulator transition in NdTiO 3 By controlling stoichiometry via a hybrid molecular beam epitaxy approach, we report on the study of thin film growth and the electronic transport properties of phase-pure, epitaxial NdTiO 3 /SrTiO 3 heterostructures grown on (001) (La 0.3 Sr 0.7 )(Al 0.65 Ta 0.35 )O 3 (LSAT) substrates as a function of cation stoichiometry in NdTiO 3 . Despite the symmetry mismatch between bulk NdTiO 3 and the substrate, NdTiO 3 films grew in an atomic layer-by-layer fashion over a range of cation stoichiometry; however amorphous films resulted in cases of extreme cation non-stoichiometry. Temperature-dependent sheet resistance measurements were consistent with Fermi-liquid metallic behavior over a wide temperature range, but revealed a remarkable crossover from metal-to-insulator (M-I) type behavior at low temperatures for all compositions. A direct correlation between cation stoichiometry, transport behavior, and the temperature of M-I transition is established. Complex oxides exhibit a range of electronic, magnetic and collective phenomena. One example includes metal-toinsulator transitions (MITs), which can be controlled by either electron correlations or disorder and are often referred to as Mott-Hubbard MITs or Anderson MITs, respectively. 1 However, one of the issues with their study in bulk materials is that these two effects often accompany one another. For instance, chemical or vacancy doping influences electron correlations, but also introduces disorder. 2 Thin films and heterostructures allow for independent control of these two effects via modulation doping, strain, and dimensionality. Examples of experimental attempts to separate out the effects of electron correlations and disorder include heterostructures involving cuprate oxides 3 (as well as a range of other magnetic oxides 4, 5 ), and interfaces between band and Mott insulators. [6] [7] [8] [9] Nevertheless, even in such heterostructures, the disorder or defects present in one layer can still influence the electronic and magnetic properties of the interfaces. [10] [11] [12] [13] [14] [15] Very recently, Warusawithana et al. 16 have shown via LaAlO 3 /SrTiO 3 heterostructures grown by molecular beam epitaxy (MBE) that a small amount of cation non-stoichiometry of LaAlO 3 is vital for forming an interfacial electron gas.
In an attempt to investigate the role of cation stoichiometry on interfacial electronic transport at polar/nonpolar oxide interfaces, this Letter focuses on the hybrid MBE growth of NdTiO 3 /SrTiO 3 heterostructures and their transport properties as a function of Ti/Nd cation ratio in the NdTiO 3 layers. NdTiO 3 /SrTiO 3 is reminiscent of LaAlO 3 /SrTiO 3 in that both bulk LaAlO 3 and NdTiO 3 are insulators with trivalent A-site lanthanides, and moreover, both interfaces share polar discontinuity. On the other hand, these two heterostructures differ by the fact that bulk NdTiO 3 3 19 and assuming that films are completely coherent to the substrate. We note that when NdTiO 3 is grown on LSAT, its symmetry is modified into a (pseudo) tetragonal one (subscript t) with a t ¼ b t < c t , where c t is the out-of-plane lattice parameter, and that the film with the lowest in-plane strain will grow with an expected out-of-plane lattice parameter, c t ¼ 4.005 Å , which we have estimated above.
Phase-pure, epitaxial NdTiO 3 films were grown on (001) LSAT substrates (Crystec GmbH, Germany) using an oxide MBE system (EVO 50, Omicron Nanotechnology, Germany) with a base pressure of 10 À10 Torr. Prior to the film growth, a $ 500 nm thick Ta layer was sputter-deposited at room temperature on the back of the substrate to improve heat transfer between the film and the substrate heater. Substrates were then sequentially cleaned in acetone, isopropanol, and methanol and were then baked at $200 C in the MBE load lock before being transferred into the growth chamber. NdTiO 3 films were grown using a hybrid MBE approach (traditionally known as metal-organic or organometallic MBE 20, 21 ), which employs a metal-organic precursor of titanium tetraisopropoxide (TTIP) (99.999% from Sigma-Aldrich, USA) as a Ti source and an effusion cell for Nd (99.99% from Ames Lab, USA). No additional oxygen was used since TTIP also supplies oxygen. Growth conditions for cation stoichiometric NdTiO 3 were identified at the substrate temperature of 900 C (thermocouple) by varying the TTIP/Nd flux ratio, where the TTIP flux was kept constant and the Nd flux was varied by changing effusion cell temperature between 960 C and 1015 C. To grow NdTiO 3 /SrTiO 3 heterostructures, a $ 3 nm thick coherently strained, stoichiometric SrTiO 3 buffer layer was grown prior to NdTiO 3 thin films, using the same approach as described elsewhere. 22 The growth mode, film thickness, and surface morphology were obtained using in-situ Reflection High-Energy Electron Diffraction (RHEED) (Staib Instruments) technique. Further structural characterizations were performed using ex-situ techniques including high-resolution x-ray diffraction using a Philips Panalytical X'Pert thin-film diffractometer with Cu K a radiation, x-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and scanning transmission electron microscopy (STEM). XPS spectra were obtained with SSX-100 XPS system using a monochromatic Al K a x-ray source operated at 200 W. The size of x-ray beam was $1 Â 1 mm 2 and the energy resolution of the instrument was 0.8 eV. The instrument was calibrated with reference to the Au 4f 7/2 peak (84.00 eV) and the separation between Cu 2p 3/2 and Cu3s peaks was set at 810.08 eV. Survey spectra were collected using 150 eV pass energy and high-resolution spectra were obtained using 50 eV pass energy, giving accuracy within 0.3 eV for peak position determination. Photoelectron energy drift due to charging effect was offset with reference to the adventitious C 1 s peak (284.6 eV). The relative element contents in NdTiO 3 film were calculated using the Nd 3d 5/2 and Ti 2p 3/2 peaks with relative sensitivity factor 19.33 and 4.69 given by Electron Spectroscopy for Chemical Analysis (ESCA) analysis software library. Coupled 2h-x scans and grazing incidence x-ray reflectivity (GIXR) measurements were used to determine the out-of-plane lattice parameter and film thickness (consistent with the thickness determined using RHEED oscillations), respectively. AFM in contact mode was used to determine the surface morphology. High-angle annular dark-field (HAADF) STEM images were obtained using an aberration-corrected monochromatic FEI Titan G2 60-300 operated at 300 kV. The semi-convergent angle of the incident beam was 21.4 mrad and HAADF images were obtained with a detector angle of 58.5-200 mrad. DC transport measurements were performed in a Physical Property Measurement System (Quantum Design PPMS) using van der Pauw geometry. 300 nm of Au on top of 50 nm of Ti were sputtered as contacts for the NdTiO 3 /SrTiO 3 heterostructures, while 300 nm of Au on 20 nm Ni on top of 40 nm of Al were sputtered as contacts for SrTiO 3 films. It is noted that the film thicknesses in this study were kept constant at $6 nm.
We begin by discussing growth of NdTiO 3 directly on (001) LSAT. Figure 1 shows an x-ray 2h-x scan of a 6 nm thick NdTiO 3 film, which is consistent with the growth of phase pure, epitaxial NdTiO 3 on the (001) LSAT substrate. The out-of-plane lattice parameter, c t (used as a sensitive probe to stoichiometry and relaxation) measured using first order film reflection (3.99 6 0.01 Å , see inset of Fig. 1(a) ) was in excellent agreement with our calculated estimate of the out-of-plane lattice parameter (4.005 Å ) indicating that the film was coherently strained and nearly stoichiometric. This film was obtained using a Ti/Nd flux ratio of 9.6. Identical values of c t were obtained for the samples with a buffer SrTiO 3 layer, and as the Ti/Nd flux ratio was tuned away from this value (either direction), c t was found to decrease. 23 We argue that the peak in c t close to the theoretically calculated value corresponds to 1:1 Ti:Nd stoichiometry. Extreme deviations from this ratio led to the absence of film diffraction peaks, suggesting that they were amorphous. We note that the decrease in c t is in sharp contrast to the behavior observed in many complex oxide systems where the out-of-plane lattice parameter often increases with non-stoichiometry defects. [24] [25] [26] Using transmission electron microscopy, we demonstrate below that strain relaxation does not occur for 6 nm thick stoichiometric films, but the trend of c t decreasing with increasing non-stoichiometry observed in the present case could be due to a complex relationship between strain relaxation, non-stoichiometry, and c t and thus should not be attributed only to non-stoichiometric defects. For instance, strain relaxation can cause a decrease in the out-of-plane lattice parameter, which has been shown to occur at much lower film thicknesses in complex oxide for non-stoichiometric compositions. In order to further substantiate the cation stoichiometry, XPS measurements were performed on the same sample which we have argued above to possess 1:1 Ti:Nd stoichiometry. The XPS results confirmed 1:1.03 ratio for Ti:Nd (see Figs. 1(b) and 1(c) ) for stoichiometric NdTiO 3 . It is noted that while XPS may not be used as a standalone measure of film's stoichiometry, often due to surface effects, the results obtained here are consistent with the HRXRD data. Figure 2(a) shows the time-dependent RHEED intensity oscillations followed by a nearly constant intensity after 600 s during the growth of the stoichiometric NdTiO 3 film. The fact that the intensity oscillations change to a nearly constant intensity indicates that film initially grew in a layer-by-layer fashion, before transitioning to a step-flow-growth mode. The result is consistent with the observed atomic terraces in the AFM images (Fig. 2(b) ). Irrespective of the symmetry mismatch and the cation stoichiometry, NdTiO 3 films showed atomic terraces in AFM. 23 No such atomic terraces have been reported in similar heterostructure systems, such as GdTiO 3 /SrTiO 3 28 and LaAlO 3 /SrTiO 3 . 29 We suggest that these may appear in the present case because of the less-distorted NdTiO 3 structure and the better lattice-matching of the NdTiO 3 /SrTiO 3 /LSAT systems. Spotty RHEED patterns were observed for both Ti-and Nd-rich films, which further disappeared for extremely non-stoichiometric compositions indicating amorphous morphology (Fig. 2(b) ). To further obtain insight into the structure, atomic number-sensitive HAADF STEM image of NdTiO 3 /SrTiO 3 heterostructures was taken (Fig. 3) , which confirmed the epitaxial relationship, abrupt chemical interface, phase purity, and the absence of other extended defects.
We now turn to the transport properties of the films. No measurable conductivity was observed in an as-grown 3 nm SrTiO 3 film on a (001) LSAT substrate. However, stoichiometric NdTiO 3 films grown directly on LSAT substrates showed semiconducting behavior with a room temperature resistivity of 1.8 X cm and a temperature-dependence consistent with an Arrhenius law with an activation energy of 0.098 eV, 23 which is remarkably close to the value expected from the small polaron hopping conduction in nearly stoichiometric bulk NdTiO 3 (0.084 eV). 17 The higher value of resistivity obtained in our stoichiometric films as compared to that of bulk NdTiO 3 single crystals ($0.3 X cm) could be due to the better stoichiometry control or due to the reduction of bandwidth under compressive strain. 23 The origin of the high electron density (exceeding 1 = 2 electron/unit cell, as one would expect from the electronic reconstruction model using similar material systems 31, 32 ) is surprising and may indicate that an additional mechanism(s) is at play. It is however evident that conduction is associated with the interface given that individual layers of NdTiO 3 and SrTiO 3 , when grown separately on LSAT substrates, show semiconducting or insulating behavior as discussed earlier. Moreover, it was found that the temperature coefficient of sheet resistance (dR s /dT) changes in sign from positive to negative at low temperature, with a minimum in resistance occurring at a finite temperature for all samples. Similar behavior has been reported in the literature for related heterostructures and has been attributed to weak localization. 32, 33 In the metallic regime (dR s /dT > 0), R s was analyzed using the Fermi-liquid model:
where R 0 is the residual sheet resistance due to impurity scattering, A is a constant, which represents extent of correlation strength (driven by electron-electron interaction or disorder) in the metallic state, and T is the temperature. The T 2 dependence of R s in the metallic regime implicates the electron-electron interaction as the dominant scattering mechanism up to room temperature. Remarkably, it was found that the crossover temperature, T M-I , of the metal-to-insulator behavior and the value of the coefficient A as determined from the fitting, were strongly correlated with the cation stoichiometry of NdTiO 3 (Figs. 4(b) and 4(c) ). Regardless of whether NdTiO 3 films in the heterostructures were Nd-or Ti-rich, the value of T M-I and coefficient A increased, indicating these values were minimized for the stoichiometric composition. Furthermore, a sharp increase in the value of A near the metal-to-insulator transition (as a function of Ti/Nd ratio) suggests that strong electron mass enhancement is driven by disorder, introduced by non-stoichiometry. Future experiments and theory will be directed to address the origin of the high carrier density at these interfaces and the contribution of the Coulomb interaction to the metal-to-insulator transition, which is always present.
In summary, epitaxial, phase pure, and stoichiometric NdTiO 3 films have been grown in an atomic layer-by-layer fashion using the hybrid MBE approach with excellent control over cation stoichiometry. Irrespective of cation stoichiometry, transport measurement of NdTiO 3 /SrTiO 3 /LSAT heterostructures yielded remarkably high room-temperature carrier density and an upturn in R s at low temperature. A strong correlation between cation stoichiometry, T M-I , and the coefficient A was observed. We suggest that the fact that both T M-I and A increase for both Nd-and Ti-rich films can be used as a probe of cation stoichiometry. We further argue that the ability to control MIT using stoichiometry control can have serious implications for device development. For instance, stoichiometry control can be first employed to bring the sample near the MIT transition, where carrier control via electrostatic gating can further be used to drive the transition.
